SUMMARY
The introduction of the MAC concept of volatile anaesthetics in 1963 meant a revolution in the knowledge of uptake and distribution 1. Furthermore, the uptake model of Lowe and Ernst in 1981 made it possible to inject volatile anaesthetics as fluids, based on the principle that anaesthetic uptake is a square root function of time'. For many anaesthetists however, introduction of closed circuit anaesthesia in daily practice with or without this model raises certain issues. One of the common problems with closed circuit ventilation is changing rapidly a concentration in a large volume by a relatively small fresh gas flow. During induction and at the end of the procedure, or at other times when it is necessary to reduce or increase the concentration rapidly, the anaesthetist is forced to increase the fresh gas flow to high values, or to use overpressure. It is therefore possible only during limited periods of time to benefit from the advantages of true closed circuit anaesthesia. Furthermore, if the pop-off valve is not closed completely, and/or if the circuit is not completely sealed, no closed circuit conditions exist and, consequently, there is no possibility of measuring oxygen consumption (measurement of metabolism). The need to change the gas flow so often, the relatively complex calculations of Lowe's formula, and the accompanying uncertainty about the actual concentrations of gases, function as a threshold for novices in closed circuit anaesthesia. Certainly to regain popularity the application of closed circuit anaesthesia needs simplification. Preferably, using closed circuit ventilation should be as comfortable as using other systems; the amount of available information from the patient and the procedure should not be reduced by the way a patient is ventilated, and the anaesthetist should not be distracted from his work by problems associated with closed circuit ventilation. It is difficult, if not impossible, to solve the aforementioned problems with current semi-closed system technology'. What is needed is a different philosophy, establishing the typical qualities of the closed circuit. With this in mind, our institute has been working on the development of an automatic closed circuit anaesthesia ventilator. Before the description of this device (Physioflex®), it is interesting to survey what possible solutions have already appeared in the literature.
To-and-Fro system
Ventilation with a high flow gas delivery system, common in the early days of anaesthetic history, has certain advantages: -sufficient delivery of gases; -rapid adjustments of anaesthetic concentration; -virtually no resistance to breathing. The disadvantages include: -high costs; -high pollution; -no measurement of uptake.
Waters changed a high flow (Mapleson A) system into a low flow (to-and-fro) system by introducing a CO 2 absorber. By removing the pop-off valve this resulted in a true closed circuit 4 ( Figure 1 ). With his system, Waters was able to eliminate most, but not all, disadvantages of open and semi-open systems. Had he had the benefit of present day gas analysers, he would also have been able to measure the concentrations and uptake of anaesthetic and metabolic gases. Because these were lacking, he had to rely on his own judgement concerning delivery and concentration of oxygen and anaesthetics. Other benefits of (semi-)open systems, notably rapid change in concentrations and negligible resistance, were definitely lost. Modern developments, e.g. introduction of automatic ventilators and the advent of muscle relaxants, resulted in the removal of the to-and-fro system from anaesthetic practice.
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Feedback controlled delivery
In 1983, Ross described a servo-controlled delivery systemS ( Figure 2 ). This idea was further developed in 1986 6 • These two systems function by way of a controller, measuring continuously the difference between set and actual concentration. The controller influences the movement of a stepping motor driven anaesthetic delivery device. However, in these servo-controlled closed circuit delivery systems, there is either a choice of only one volatile anaesthetic, or only one carrier gas (100070 oxygen). This is insufficient for routine anaesthetic practice.
Revell circulator
The concept of blower driven circulation of ventilatory gases was introduced by RevelF·9. Revell worked with circuit gas flows of 15-100 IImin. His most important goal was reduction of deadspace under the mask, but he also aimed for complete elimination of CO 2 , uniform humidification and reduction of work of breathing ( Figure 3) . Because of the tendency to exaggerate leaks, use of the circulator requires the ability to achieve a gas-tight fit of the facemask. It is understandable that in a time when high flow ventilation was in vogue, demands for the circulator decreased and it eventually disappeared.
chimney U C02 absorber FIGURE 3: Revell circulator. The purpose is reduction of work of breathing and complete elimination of deadspace under the face mask. This is in part achieved by the "divided chimney" principle (modified from Reference 7).
Caloric measurement unit
Another interesting development is the "caloric measurement unit" (CMU)lo. The CMU is in reality a closed circuit device that is capable of measurement of \T0 2 electronically (Figure 4 ). With its specific system configuration, the delivery of gas is equal to the oxygen consumption of the patient, as the delivery is 100% oxygen. Drawbacks are the limited period of measurement (one hour), the non-continuous nature of the measurements and that the CMU is not suitable for use during anaesthesia.
As stand-alone devices these interesting developments are of limited value, but their power lies in their combination. The industry involved in ventilation technology has so far failed to integrate these devices into new closed circuit apparatus. As a result, it is still not possible to use closed circuit ventilation from the beginning to the end of the procedure, if possible at alP. Our institution took up the challenge to participate in developing a closed circuit anaesthesia ventilator. Combining these interesting ideas, we eventually succeeded in producing a ventilator that makes closed circuit anaesthesia possible from the beginning to the end of the procedure, while at the same time machine operation resembles that of existing ventilators.
DESCRIPTION OF THE SYSTEM Ventilator
The ventilator (Physio, Haarlem, The Netherlands) is, in reality, a series of ventilator chambers integrated into the circuit system in parallel. The membrane chambers are connected to the external circuit from which ventilation is performed (by pressurised air) and to the internal, totally closed, anaesthesia circuit ( Figure 5 ). The membrane chamber consists of two chamber parts screwed on to each other into which a movable metal membrane is introduced via a rubber ring. The membrane moves resistance free and has two purposes:
a. it forms a complete separation between pressurised air wh~ch is used to move the metal membranes and the anaesthetic gases in the circuit; b. it serves to register the volume displacement in the system by capacitively measuring movements of the metal membrane with displacement sensors. According to the desired "preset" tidal volume, one or more membrane chambers are included into the circuit. Thus, there always exists an optimal relationship between tidal volume and compressible volume, keeping compressible volume as low as possible. This principle makes it possible for the machine to be used for adults as well as small infants. Automatic ventilation is regulated by means of two inspiratory valves (one for rough regulation, the other for fine regulation) and one expiratory valve. All signals received from the various sensors are supplied to a fast 16 bit computer which meticulously controls the interplay of the inspiratory and expiratory valves and also regulates the injection system for volatile anaesthetics.
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The closed delivery system
A blower has been introduced into the anaesthetic circuit and rotates the circuit gas unidirectionally through the T-piece at 70 IImin. Thus, patient rebreathing is totally avoided and at the same time the anaesthetic gases are vaporized and mixed rapidly. The valveless rebreathing system realised in this way avoids any respiratory resistance for the patient. The patient connection therefore resembles Ayre's T-piece 11 • Furthermore, the high flow rotation of the gases creates turbulence in the CO 2 absorber and the expired CO 2 is instantaneously and totally absorbed. In reality, two CO 2 absorbers are mounted to the machine. This is done in order to switch from one canister to another in case of exhaustion of the soda lime, without opening the system. In order to diminish the accumulation of nitrogen and other unwanted gases, an on-demand flush procedure is provided. Each time this procedure is started, the system volume is automatically replaced by fresh gas mixture, according to preset concentrations.
Feedback control of preset concentrations (gases and volatile anaesthetics)
Pressure and temperature in the system are continuously registered. Exact amounts of oxygen and nitrous oxide (or air) are injected into the system via accurately dosing electronic frequency valves, whereas surplus volume is evacuated via a valve connected to the vacuum system.
Oxygen dosage: The oxygen supply system is based on the measurement of the concentration in the system; comparison of measured and set values; calculation of the difference; trend of the difference and control of the oxygen dose magnet valve. The amount of oxygen added to the system in order to keep the concentration stable on the set value is presented as oxygen uptake. Oxygen dosage is based on the principle of the critical orifice magnet valve, where the flow through the orifice is equal to Mach = 1. This effect is reached by a critical pressure over the orifice: P ou/Pin = 0.53. The flow through the orifice is: this results in a maximal error of 0.666%. Changes in input pressure can cause an error of 0.23%/100 kPa. As P is in I the square root part of the formula, the influence on Q m is only half of the error of Pi' Therefore, only an error of one percent can be expected to be caused by this source. The orifice is calibrated using the Mass Dynamic Method, as described in ISO 7395 (gas analysis). Oxygen feedback control: With the signal of the oxygen analyser the computer calculates the system's oxygen loss. The result is used to control the critical orifice magnet valve. The valve control works with a variable frequency with a constant pulse time to open the valve, which allows pulses of 5 ml oxygen to flow into the system. In a continuous process, this keeps the concentration stable on the set value, whereas the accumulated pulses reflect exactly the patient's oxygen consumption. Under several different conditions, a maximum error of 5% of the measured oxygen consumption was measured. Infrared analyser: A side-stream three channel infrared spectrometer (Andros, Ber keley, USA) monitors the capnogram (C0 2 ), the inspiratory nitrous oxide concentration and inspiratory and expiratory concentrations of volatile anaesthetics by sampling from the patient connection piece. The analyser has an accuracy of ±3 Vo1.% (0-100 Vo1.% NP); and ± 0.2% Vo1.% (0-5 Vol% CO 2 and volatile anaesthetics), all including zero drift. Response time is 200 ms (C0 2 ), and 400 ms (NP and volatile anaesthetics). Addition of volatile anaesthetics is performed by means of an automatic injection system. The selected volatile anaesthetic is automatically drawn up into a stepping motor driven syringe from the respective reservoir via an automatically turning three-way stop valve and introduced into the system in liquid form. The volatile anaesthetic is immediately vaporized by the high circulation gas and a rapid increase of concentration is reached.
Volatile anaesthetic feedback control: The input for the controller is derived from the difference between the measured (actual) value from the inrafred sensor and the set concentration introduced by the operator. This difference is converted into an electrical signal that after amplification is used to drive the stepping motor. The movement of the stepping motor is integrated and transposed to volume. The pulses deliver 3.8 p,l of the chosen anaesthetic. If after the original priming of the system no CO 2 curve is seen, then no further volatile anaesthetic is delivered. This is a precaution, aiming for maximum safety in case of inadvertent oesophageal intubation.
If the controller detects that the end-tidal value is higher than the set concentration (as is the case at the end of the procedure, or when lowering the concentration), it sends a signal to the bypass canister. This automatically opens the bypass and diverts part of the expiration gas to the charcoal canister. This part of the expiratory gas is completely cleared of volatile anaesthetic and is then returned to the mainstream. It is of course not possible to direct all of the expiratory gas to the canister: the resistance to the gas flow in the bypass is too high. The time constant to decrease the volatile anaesthetic to negligible amounts is, however, only a few minutes (vide infra). During this period, the system remains completely closed.
Screen display
The screen interface consists of a colour screen onto which graphic information, operational information and alarm signals are represented graphically. 
Alarms
All alarms are automatically switched on. Alarms are visualised on the screen in red, and are acoustically supported. The intensity and sound of the acoustical alarm varies, depending on the urgency (Table 1) . Some alarms can be silenced: in the automatic ventilation mode for one minute, in manual/spontaneous mode for two minutes. The visual alarm, however, will be displayed continuously. After this time lapses, if the problem has not been resolved, the acoustic alarm will return. A new alarm will, even in the silence period, visually and acoustically raise attention.
Alarms for ventilatory pressures and end-tidal CO 2 have two thresholds: for upper and lower limits. These can be adjusted for specific patients. P min between 5-20 cm H20; P max between 20-75 cmH20; EtC02 lower limit between 1.5 and 3<JJo, upper limit between 3-7.5<JJo.
Guardian Unit
Apart from its own control and monitoring unit, during use of the Physioflex device an external guardian unit is also active. A piezoelectric analyser measures the concentration of volatile anaesthetics, oxygen concentration is monitored by a paramagnetic O 2 analyser and a turbine-based volume sensor watches the expiratory minute volume. These monitors have their own power supply and are independent of the functioning of the machine proper. They are entirely and solely dedicated to the monitoring of gas concentrations and volumes.
Data management
The system offers a broad spectrum of information about the physiological state of the patient, with display on the screen. The user has access to realtime curves of respiratory volume, pressure, flow and C02 . Furthermore, the mean values for oxygen uptake and end-expiratory C02 are displayed at half-minute intervals in trend curves, the concentrations of volatile anaesthetics (inspiratory and expiratory), N20 and O 2 in bars and percentage, accumulated non-wanted gases together with water vapour are documented in the N20/02 bar, as the non N20-non 02 concentration difference from 100<JJo. The position of the membrane is documented by moving bellows on the screen. The following data are displayed numerically: -tidal volume, respiratory rate, minute volume; -peak pressure, plateau pressure, PEEP; -oxygen concentration, nitrous oxide concentration; -inspiratory and expiratory volatile anaesthetics concentration; -end-tidal CO 2 , oxygen uptake and nitrous oxide uptake.
All on-line available data and their corresponding preset values are memorized in a non-volatile memory with a capacity of 75 h. All data can be transferred via a communication program from the serial output into a personal computer and onwards data management for scientific, educational and statistical processing ( The system is prepared for each individual patient by an adjusted, automatic initialisation cycle. In this cycle all system functions are tested, analysers calibrated, the adequate number of membrane chambers is selected, the system is filled with the desired concentration of oxygen and carrier gas (nitrous oxide or air) and the injection system filled with the selected volatile anaesthetic.
Initialisation
Initialisation consists of two parts: 1. internal and external measurements, control procedures and calibration; 2. setup individual patient data.
la. Measurements: Oxygen, nitrous oxide, air, and vacuum are tested for working pressures (gas preferably 3.5-8 bar, vacuum between -0.4 and -0.9 bar). As a safety precaution, if these pressures are not above their minimal margins the machine will not complete the setup procedure (except for N20, when air can be chosen as the carrier gas). Oxygen is used to build up a 45 cm H20 pressure that is continued for 20 sec; if the pressure drops below 38 cm H20 it is concluded that there is apparently a system leak and the operator is invited to recheck and seal the system.
In order to measure the system volume, within 120s the oxygen concentration is raised to 95070. A known quantity of nitrous oxide or air is introduced and from the dilution the system volume is calculated.
lb. Controls: An uninterruptable power supply (UPS) guarantees a continuous uninterrupted normal functioning for at least 30 minutes in the event of power failure. This supply is tested after connecting the machine to the mains.
Before each new anaesthesia procedure, a checklist must be run, during which the operator has to check the following: -clean and check patient tubing and gas sampling line; -connect patient tubing to adapter; -check C02 absorber and charcoal absorber; -check level volatile anaesthetic; -check auxiliary gas administration set; -check suction; -check external guardian set (only first use for day).
le. Calibrations:
The oxygen analyser is subjected to a two-point calibration test: between 20.9% (room air) and 100% (external supply).
The infrared analyser (C02, N20 and volatile anaesthetics) is zeroed by 100% oxygen, and by calibration gas for the respective calibration points. If the results are invalid or insufficient, the calibration procedures are repeated twice. After continuous invalid or insufficient results, the procedure is terminated as a safety precaution.
Setup individual patient data:
The patient setup menu contains choices for sex, age, weight, tidal volume, frequency, minute volume, inspiratory flow, liE ratio, PEEP, carrier gas (N20 or air), 02-concentration and choice of volatile anaesthetic (halothane, enflurane, isoflurane or none). It is also possible to introduce default values, to shorten the setup procedure. After giving the patient's sex, age and weight, the computer responds by suggesting values for the ventilatory parameters, based on the Radford table 13 • It is either possible to change these figures or to accept them. As a safety measure, choosing an oxygen concentration below 20% is impossible. Another safety measure is protection against non-logical choices, e.g. too low an inspiratory flow for a certain combination of tidal volume and inspiratory time, because such a flow would be insufficient to reach the set tidal volume in the breathing cycle.
After pressing "OK" the initialisation procedure is started, which takes 45s. Instead of this, it is possible to choose the emergency procedure: instantly the machine is prepared with 40070 oxygen in air, and no anaesthetic, in 5s. The only choice then is an initial TV of 100, 200, 450 or 700 m!. After the start all parameters can be changed as requested.
Ventilation
When the patient is connected, ventilation can be started. The inspiratory valve is opened and pressurized air can enter the external part of the membrane chambers. Full opening or partial opening of the inspiratory valves is dependent on the desired inspiratory flow. The membranes are freely movable, as described above. Increase of pressure in the external part of the membrane chambers is carried over into the closed circuit and via the patient connection piece into the lungs of the patient.
Any displacement of the membranes is measured and exact volumes are delivered to the patient and measured in BTPA (body temperature and pressure adjusted) as the computer accounts for system temperature, pressure and compressible volume. According to this continuous information the computer determines when the desired volume has been really applied to the patient. At the moment when the preset tidal volume is reached, the inspiratory valve is closed and the plateau pressure remains constant until expiration is started, the expiratory valve is opened and pressure in the system can equalize to the environmental pressure. In case of preset PEEP (positive-end-expiratory pressure) the electronic valve is closed when preset PEEP is reached and thus defined PEEP is maintained. Due to the fall of pressure in the system during expiration the lungs empty into the circuit. The membranes move back towards the original position and expiratory tidal volume is measured.
Closed loop feedback control of breathing circuit
In most cases the gas mixture consists of oxygen, nitrous oxide and one volatile anaesthetic. During the uptake process the amounts vary largely for the different gases and thus the concentrations in the system will change. The most important gas to be regulated is oxygen (Figure 6 ). By continuous measurement of the concentration of oxygen, \T02 can be followed l4 •
The computer regulates the oxygen dosing valve by means of a PID (proportional integrating and differentiating) regulating algorithm, oxygen flows into the system and the concentration is kept constant. Maintenance of the preset oxygen concentration receives the highest priority; volume control is balanced by the selected carrier gas. Oxygen uptake in general will remain quite constant during the entire course of anaesthesia and ranges between 200 to 300 ml/min in adults, and is automatically individually adjusted. Nitrous oxide and volatile anaesthetics are taken up rapidly at the beginning of anaesthesia, but with the passage of time the body will gradually saturate and uptake decreases to very low levels until uptake is equal to diffusion of inhalation anaesthetics into the surroundings via open operation wounds and skin. N20 disappears from the circuit system into the patient according to uptake. This can be measured from the position of the membranes at the end of each expiration. After integration of this change in position of volume (again via a PID algorithm), the nitrous oxide (or air) dosing valve is electronically opened, and inflow of nitrous oxide (or air) is regulated cycle by cycle, compensating for the lost volume by uptake, until the membranes have reached the pre-inspiratory position. As the system is totally closed, the amount of gases that have to be fed into the system equal the gas uptake by the patient. The patient expires C02 which is absorbed by the C02 absorbant. Furthermore, resting body nitrogen is slowly exhaled into the system in decreasing amounts during the course of N20 administration. However, for nitrogen that is accumulated in the system there exists no effective absorption. Decrease of an effective nitrous oxide concentration would be the consequence. To detect this problem at an early stage, circuit nitrous oxide concentration is measured additionally via the infrared spectrometer. In case the difference between the desired and the measured concentration of nitrous oxide increases above 10070, information appears on the display advising the user to activate the flush procedure. Through pressing the flush key, nitrous oxide and oxygen valves are opened and nitrous oxide and oxygen are delivered into the system in the preselected ratio with a flow of 2.5 IImin. As the system would be overfilled with this flow the evacuation valve is opened and simultaneously evacuates surplus gas. A chosen flush procedure of two minutes has proven long enough to evacuate nearly all accumulated nitrogen and other unwanted gases (e.g. methane absorbed from the gastrointestinal tract). Volatile anaesthetics are continuously regulated according to the preset values (preset end-expiratory concentrations). The dose necessary to prime the closed circuit system and the patient is calculated by the computer, taking into account the known system volume and the patient data entered into the computer before the start of anaesthesia (body weight and age). This calculated priming dose of volatile anaesthetics is injected into the circuit and a high inspiratory concentration is immediately reached above the value set for end-expiratory concentration. In the further course, inspiratory concentration is gradually regulated to lower values in response to increasing end-expiratory concentrations until an equivalence between both values is reached, with the end-expiratory concentration being kept constant on the preset value during the entire wash-in period. In case of overshoot of end-expiratory concentration above the set value, the above described bypass automatically opens and the expiratory gas passes through the active charcoal filter until the set value is reached again, and the bypass closes. At the end of the procedure, when the desired end-tidal value is decreased to zero, the bypass remains open in order to remove the volatile anaesthetic continuously (Figure 7) .
CONCLUSION
In the past, an anaesthesia delivery system was considered a device used to mix gases. All other necessary functions important for a successful anaesthesia were controlled and performed by the anaesthesiologist. With the advent of mechanical ventilation, intravenous infusion pumps and data management systems, the tasks of the anaesthesiologist became more complex. Interestingly enough, for FIGURE 7: System primed at 1.20/0 isoflurane (I MAC) before patient connection. The patient (female, 75 kg) was connected to the system at t = 5 min. Note the resultant drop in expiratory concentration (exp), and the automatic inspiratory (insp) overshoot in order to return the expiratory concentration rapidly to the desired value. Fa/Fi increases slowly to 0.6. After decreasing the set concentration to zero at t = 42 min, without opening the system, the inspiratory and expiratory concentrations fell sharply to negligible values due to the charcoal adsorber. The Fa/Fi curve demonstrates the rapid removal of the volatile anaesthetic.
decades no essential changes have been made to anaesthesia delivery systems, although contributions to the resolution of existing problems have certainly been made. Waters changed a high flow system into a closed circuit, exchanging the benefits of low resistance and rapid concentration adjustments for economic and environmental advantages. ReveIl's circulator had the potential to decrease the work of breathing and to diminish dead space, but it never became popular. The work of Ross has its own value; it became possible to deliver anaesthetics in a feedback controlled manner, resolving the problems of difficult calculations and uncertainties about the actual concentrations of anaesthetic gases. Raurich has shown that it is possible to measure oxygen consumption directly, without the calculations from the troublesome Douglas bag, or by using invasive methods that are subject to errors and complications. The to-and-fro system is nowadays only to be found in anaesthesia museums, and the other developments have never been in general practice other than on a local scale. Together, however, these ideas are able to solve the problems associated with closed circuit anaesthesia that is regaining popularity. These ideas, and indeed some more, are integrated in the described system that is based on modern digital technology. In the past three years it has proven to be a safe and valuable automatic closed circuit delivery system in daily anaesthetic practice.
